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Recent studies have suggested that the tethering of viral genomes to host cell chromosomes could provide
one of the ways to achieve their nuclear retention and partitioning during extrachromosomal maintenance in
dividing cells. The data we present here provide firm evidence that the partitioning of the bovine papilloma-
virus type 1 (BPV1) genome is dependent on the chromatin attachment process mediated by viral E2 protein
and its multiple binding sites. On the other hand, the attachment of E2 and the E2-mediated tethering of
reporter plasmids to host chromosomes are not necessarily sufficient for efficient partitioning, suggesting that
additional E2-dependent activities might be involved in the latter process. The activity of E2 protein in
chromatin attachment and partitioning is more sensitive to the point mutations in the N-terminal domain than
its transactivation and replication initiation functions. Therefore, at least part of the interactions of the E2
N-terminal domain with its targets during the chromatin attachment and partitioning processes are likely to
involve specific receptors not involved in transactivation and replication activities of the protein. The muta-
tional analysis also indicates that the binding of E2 to chromatin is not achieved through interaction of linear
N-terminal subsequences of the E2 protein with putative receptors. Instead, the composite surface elements of
the N-terminal domain build up the receptor-binding surface of E2. In this regard, the interaction of BPV1 E2
with its chromosomal targets clearly differs from the interactions of LANA1 protein from Kaposi’s sarcoma-

associated human herpesvirus and EBNA1 from Epstein-Barr virus with their specific receptors.

The life cycles of several double-stranded DNA tumor vi-
ruses are characterized by a distinctive latency stage, during
which the viral genomes are stably maintained as nuclear ex-
trachromosomal multicopy plasmids at an approximately con-
stant copy number in proliferating cells. The information about
the possible mechanism of the stable maintenance process has
only recently started to emerge in more detail, mainly based on
studies of bovine papillomavirus type 1 (BPV1) and two mem-
bers of the gammaherpesvirus family, Epstein-Barr virus and
Kaposi’s sarcoma-associated herpesvirus. These studies have
suggested that the proper partitioning and nuclear retention of
the stably maintained viral genomes during mitosis might be
achieved through their tethering to host mitotic chromosomes
(4, 13, 14, 21, 27, 33, 51, 52). A single viral protein acts as a
molecular linker between the viral genome and host chroma-
tin. These linker proteins are viral transactivator EBNA1 in the
case of Epstein-Barr virus (27), transcriptional repressor
LANALI1 in the case of Kaposi’s sarcoma-associated herpesvirus
(4, 5), and viral regulatory protein E2 in the case of BPV1 (26,
33, 52). E2 protein in trans and its multiple binding sites in cis,
the latter referred to as minichromosome maintenance ele-
ment (MME), are both necessary and sufficient for chromatin
attachment of the extrachromosomal plasmids in proliferating
cells (2,26). MME is located in the ~1-kb noncoding upstream
regulatory region (URR) of the BPV1 genome.

The papillomavirus E2 protein is a central coordinator of the
biochemical processes that operate during viral gene expres-
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sion and genome replication. It is a multifunctional protein
which is required throughout the papillomavirus life cycle (37,
57). The E2 protein regulates gene expression by modulating
the transcription from viral promoters (24) and is essential for
the initiation of papillomavirus DNA replication in vivo as a
factor responsible for loading of the viral E1 helicase to the
virus replication origin (37, 55). BPV1 E2 is built up as a
modular protein, with its N-terminal part forming a distinct
transactivation domain and its C-terminal part forming a
dimerization and sequence-specific DNA-binding domain
(DBD). These two domains are linked to each other through a
flexible hinge region. Both domains can function as indepen-
dent units under certain conditions, i.e., DBD can bind to the
E2 binding site in the absence of the transactivation domain
(12, 15, 39, 43, 46), and the transactivation domain is able to
activate transcription and replication when linked to another
DBD (8, 9, 28, 61). On the other hand, only the full-length
protein can carry out certain activities, such as the cooperative
binding to two neighboring binding sites on DNA (38, 39). Two
main activities of the E2 protein, activation of transcription
and participation in replication initiation, can be genetically
separated by single-point mutations in the N-terminal transac-
tivation domain in the case of E2 proteins from several papil-
lomavirus types (1, 10, 11, 16, 19, 22, 49). The N-terminal
transactivation domain is also the part of the E2 protein re-
sponsible for interactions with host chromatin, as it is able to
localize to host mitotic chromosomes even if all other parts of
the protein are removed (6). It has been shown that E1 may
dislocate E2 from mitotic chromosomes (60). Thus, the pres-
ence of other viral proteins may affect E2 chromatin attach-
ment and URR tethering.

In this study, employing a novel experimental approach, we
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FIG. 1. Map of plasmid pRetE2 used in partitioning assay. CMV-
tk, CMV immediate early promoter with thymidine kinase leader se-
quence; d1EGFP, destabilized enhanced GFP coding sequence; in-
tron, rabbit B-globin IV intron; TK pA, thymidine kinase
poly(A) signal; RSV LTR, Rous sarcoma virus 5’ long terminal repeat
promoter; E2, BPV1 E2 coding sequence with mutation Met162lle;
bgh pA, bovine growth hormone poly(A) signal; kana’, kanamycin
resistance gene; 10E2BS, oligomerized E2BS9 in 10 copies as de-
scribed in Piirsoo et al. (44).

have analyzed the activity of E2 as a central frans factor in
MME-dependent chromatin attachment and partitioning pro-
cesses, making use of extensive mutational analysis of the N-
terminal chromatin-binding domain of the protein. The results
of our study demonstrate clearly that the partitioning function
of BPV1 during the host cell division can be provided by the
chromatin attachment process mediated by the E2 protein and
its multiple binding sites in MME. The deletion and mutation
analysis of the E2 N-terminal domain indicates that composite
surface elements rather than linear subsequences of this do-
main build up the ligand surface for interaction with the pu-
tative chromatin receptor. In this regard, the interaction of
BPV1 E2 with its chromosomal targets clearly differs from the
interactions of EBNA1 and LANA1 with their specific recep-
tors.

MATERIALS AND METHODS

Plasmids. The expression plasmids for wild-type (wt) E2, E2C, E8/E2, and
dNco (58, 59) as well as for E2 proteins with point mutations (1) and deletions
(30) have been described previously. All proteins are expressed from the pCG
vector (56), and all but pPCGE2C and pCGE2dNco contain the mutation M162I,
which disrupts the initiation codon for the E2C protein. The pNeoBgl40 reporter
plasmid, which contains the approximately 1-kb-long URR region from the
BPV1 genome (nucleotides 6946 to 6963), is described in reference 44. The map
of pRetE2 is shown in Fig. 1. This plasmid carries BPV1 MME and expresses
destabilized (with a half-life of about 1 h) enhanced green fluorescent protein
(EGFP) under the control of the cytomegalovirus (CMV) promoter as well as wt
E2. pRetE2fr is derived from pRetE2 by introducing the frameshift mutation
into the E2 sequences corresponding to the hinge region of E2 (A. Janikson, A.
Minnik, and M. Ustav, unpublished data). The pRetE2 vectors expressing dif-
ferent mutated E2 proteins were constructed by replacing the Psp14061-Stul
fragment in the wt E2 coding region with the corresponding mutated fragment
from the respective pCGE2 plasmids. pRetVP16:E2 was constructed by replac-
ing the Xbal-Agel fragment from the wt E2 open reading frame in pRetE2 with
the Xbal-Agel fragment from the pCGVP16:E2 vector (35). The resulting con-
structs were verified by sequencing.

Cell culture and transfections. The Chinese hamster ovary (CHO) cell line
and its derivatives CHO49 (expressing the BPV1 E2 protein), CHO4.15 (ex-
pressing the BPV1 E1 and E2 proteins), and CHOBgI40 (constitutively express-
ing the BPV1 E1 and E2 proteins and maintaining reporter plasmid pNeoBgl40)
(44) were grown in Ham’s F-12 medium supplemented with 10% fetal calf serum
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and appropriate antibiotics. Electroporation experiments were carried out as
described earlier (58) with a Bio-Rad Gene Pulser IT apparatus supplied with a
capacitance extender. Capacitance was set to 975 pF and voltage was set to 230
V in all experiments. Five hundred nanograms of different pCGE2 plasmids
and/or 500 ng of pNeoBgl40 was transfected in all experiments with CHO cell
lines. Jurkat cells were grown in Iscove’s modified Dulbecco’s medium supple-
mented with 10% fetal calf serum and antibiotics.

Chromatin immunofluorescence (ChiF) analysis of mitotic chromosomes.
About 36 h after transfection, Colcemid was added to culture media to a final
concentration 0.1 wg/ml and cells were incubated for an additional 2 to 6 h to
increase the fraction of mitotic cells. Colcemid-treated cells were harvested after
treatment with phosphate-buffered saline (PBS)-EDTA (3 mM), pelleted by
centrifugation (190 X g for 5 min at room temperature), and suspended in 5 ml
of 0.075 M KCl solution. Suspended cells were incubated at room temperature
for 15 min, collected by centrifugation as before, resuspended again in a small
volume of 0.075 M KCl, and transferred to slides (at this point, before transfer-
ring to slides, an aliquot of cells was also taken for parallel fluorescent in situ
hybridization [FISH] analysis that was carried out as described in the next
section). The cell suspension was stored on slides for 10 min at room tempera-
ture followed by fixation in cold (—20°C) methanol for 10 min. Fixed slides were
allowed to dry at room temperature and stored at —20°C. For immunostaining,
the slides were warmed up to room temperature and 125 pl of primary antibody
solution was added (containing a mixture of 2.5 ng [each] of monoclonal anti-
bodies 1E2, 3F12, 1H10, 3ES8, and 5H4/ul [30] and 20 g of bovine serum
albumin [BSA]/ul in PBS). After incubation for 1 h at room temperature in a
humid atmosphere, the cells on slides were washed with PBS, incubated with 125
wl of fluorescein isothiocyanate (FITC)-conjugated anti-mouse secondary anti-
body (LabAs, Tartu, Estonia) diluted 1/200 in BSA-PBS for another hour at
room temperature, and then washed again with PBS. The chromosomes were
counterstained with propidium iodide and mounted in p-phenylenediamine an-
tifade mounting medium. Slides were analyzed with an Olympus VANOX-S
fluorescence microscope equipped with the appropriate filter set. Over 200
mitotic metaphases were analyzed in each experiment, and the percentage of
metaphases carrying the E2-specific signal was calculated. The experiments were
repeated at least four times. The fraction of E2-positive mitosis was calculated in
the case of each mutant protein relative to the positive fraction in the case of wt
E2-transfected cells, and the latter was set as 1.0 in each separate series.

FISH analysis. FISH analysis was performed as described previously (26). At
least 100 mitotic metaphases were analyzed in each experiment, and the per-
centage of metaphases carrying URR reporter plasmid-specific signals was cal-
culated. The fraction of URR reporter-positive mitosis in the case of each
mutant was calculated relative to the positive fraction in the case of wt E2-
transfected cells, and the latter was set as 1.0 in each separate series.

Examination of the cell cycle dependence of the E2 level. CHO cells were
transfected by electroporation as described above. The cells from each transfec-
tion were split equally between two culture dishes. Approximately 24 h after
transfection, Colcemid was added to one of the dishes. The cells were collected
for analysis ~36 h after transfection by PBS-EDTA treatment, pelleted by
centrifugation, resuspended in 100 pl of PBS, and fixed by the addition of 1 ml
of 80% ethanol (cooled to —20°) drop-wise to the cell suspension with simulta-
neous vortexing. Cell suspensions were kept on ice for 15 min, then 5 ml of 1%
BSA in PBS-0.05% Tween 20 was added, and the cells were collected by cen-
trifugation (5 min, 300 X g). The pellet was resuspended in 300 pl of primary
antibody solution containing anti-E2 antibodies 3F12, 5H4, 3E8, and 1E4 (1 pg
of each/ml in PBS-Tween 20-5% nonfat dry milk) (30) and incubated for 1 h.
Five milliliters of 1% BSA in PBS-Tween 20 was added; cells were incubated for
5 min and pelleted by centrifugation as described above. The pellet was resus-
pended in 100 wl of anti-mouse FITC-conjugated secondary antibody solution
(from Taxo A/S, Glostrup, Denmark, diluted 1:50 in PBS-Tween 20-5% nonfat
dry milk supplemented with 1 mM MgCl, and 100 pg of RNaseA/ml) and
incubated in the dark for 1 h. BSA solution (1%) was added, and cells were
pelleted exactly as after primary antibody incubation. Finally, the cells were
resuspended in 300 wl of PBS supplemented with 15 pg of DNA dye 7-amino-
actinomycin D (7-AAD)/ml, incubated for 15 min, and analyzed on a Becton-
Dickinson FACSCalibur flow cytometer. One hundred thousand signals were
collected from each sample. The threshold for autofluorescence was set to
contain 99% of the signals from the mock-transfected control cells. In the case
of E2-transfected cells, the signals with higher fluorescence levels were defined
as corresponding to E2-positive cells.

Partitioning assay. Jurkat cells were transfected by electroporation with 1 pg
of the pRetE2 reporter plasmids, and control transfections were carried out with
carrier DNA only. Transfections were performed essentially as described in
reference 58, with 3 X 10° cells per transfection and pulse conditions of 210 V
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and 1 mF. At the set time points after transfection, equal aliquots of the cell
suspension from all transfected samples were collected for flow cytometry anal-
ysis and the remaining cells were diluted with fresh medium, keeping the cell
concentration between 0.3 X 10° to 1 X 10° cells per ml. The total number of
cells was determined by counting only the signals with characteristic cell size and
surface parameters. The fluorescence histogram from mock-transfected control
samples was used as a reference for exclusion of the nonspecific auto-fluores-
cence signals inside every series. The threshold for autofluorescence inside the
series was set to contain 99% of the signals from the mock-transfected control
cells. All the signals that were above this threshold were considered to corre-
spond to EGFP-positive cells. The number of EGFP-positive cells per milliliter
was calculated in samples according to the formula [(number of positive cells X
1,000)/(time X flow rate)] X dilution (time is measured in minutes, and flow is
measured in microliters/minute). The number of positive cells at different time
points was normalized to the first time point of respective transfection. Based on
the growth in the total number of cells, the cell doublings were calculated, setting
the first time point (~20 h after transfection) as zero.

Western and Southern blot analysis. The extraction of low-molecular-weight
DNA from cells and Southern blot analysis of the DNA level in plasmid were
performed essentially as described previously (58). For Western blot analysis of
the level of E2 proteins, the total protein from the same number of transfected
cells was separated by 10% polyacrylamide gel-sodium dodecyl sulfate electro-
phoresis and transferred to an Immobilon-P membrane (Millipore). E2-specific
monoclonal antibody 1E4 (30), peroxidase-conjugated goat-anti mouse second-
ary antibody, and the enhanced chemiluminescence detection kit from Amer-
sham Pharmacia Biotech were used to detect the proteins by following the
standard manual provided by the supplier.

Homology modeling of E2 transactivation domain. The BPV1 E2 transactiva-
tion domain was modeled by the automatic Swiss-Model homology modeling
server (20, 41), with the structure of the human papillomavirus type 16 (HPV16)
E2 full-length N-terminal domain (Protein DataBank code 1DTO) as a template.
Further analysis of the modeled structure was performed with the programs
SPDBView and RasMol (20, 50).

RESULTS

Localization of the BPV1 E2 protein on mitotic chromo-
somes follows a speckled pattern, which is similar to the lo-
calization pattern of BPV1 URR reporter plasmids. For more-
detailed insight into the functioning of the E2 protein in the
BPV1 chromatin attachment process, we first developed the
ChIF assay. It is based on a standard immunofluorescence
technique that was optimized for in situ detection of the E2
protein bound to the mitotic chromosomes. For initial adjust-
ment of the ChIF method, we chose the CHOBgl40 cell line,
which expresses both E2 and E1 proteins from chromosomally
integrated cassettes, and extrachromosomally maintains the
BPV1 URR reporter plasmid pNeoBgl40. We found that the
localization of E2 protein on mitotic chromosomes follows a
random speckled pattern both in the CHOBgI40 cells that were
treated with Colcemid prior to fixation to enrich the mitotic
fraction (Fig. 2A) and in the cells that were left untreated (Fig.
2B). At the same time, no signal was detected in the control
experiments, where primary or secondary antibody was omit-
ted (data not shown). A similar pattern has been described also
in the case of E2-dependent chromatin tethering of the URR
reporter plasmid in CHOBgl40 and other cell lines, as revealed
by FISH (26).

We then analyzed the chromosomal localization of E2 pro-
tein by ChIF in the following cell-lines: CHO4.15, which ex-
presses E1 and E2 but lacks stably maintained URR-carrying
reporter plasmid (Fig. 2C); CHO49, which expresses only E2
(Fig. 2D); and CHO cells that were transiently transfected
either with the E2 expression construct alone (Fig. 2F) or
together with BPV1 URR reporter plasmid (Fig. 2E). In all
these experiments, the random speckled pattern of bound E2
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on mitotic chromosomes was observed, which was indistin-
guishable from the pattern we saw in the case of CHOBgl40
cells. Thus, the pattern of E2 association with mitotic chromo-
somes is not affected by the presence of URR reporter plasmid
with multiple E2 binding sites or by moderate E1 coexpression.
In addition, the ChIF analysis of transiently transfected CHO
cells demonstrates that the E2 localization on chromosomes is
not specific to established cell lines and can be studied in
transiently transfected cells. Only very few interphase nuclei,
but no metaphase chromosomes, showed E2-specific staining if
E2C protein lacking the N-terminal domain was expressed in
CHO cells (Fig. 2G), and no specific signal was observed in
mock-transfected cells (Fig. 2H). This is in agreement with the
data from previous studies that have pointed to the importance
of the N-terminal part of the E2 protein in interactions with
chromatin (6, 52) and demonstrates that our method specifi-
cally analyzes the chromatin-bound proteins.

We also examined the localization of BPV1 URR reporter
plasmid on metaphase chromosomes in the CHO cells that
were transiently cotransfected with the respective reporter and
E2 expression vector. FISH analysis revealed that the localiza-
tion of the URR reporter in these cells (Fig. 2I) follows the
speckled pattern, which is similar to that observed in
CHOBgl40 cells that stably maintain the same reporter (26).
As a negative control, the cells transfected with either the
URR-containing plasmid or E2 expression vector alone did not
show any signal on mitotic chromosomes by FISH analysis
(Fig. 2J and data not shown). These data show that the E2-
dependent localization of the extrachromosomal BPV1 URR
reporter plasmid, like that of the E2 protein, follows a similar
pattern on the mitotic chromosomes of both transiently trans-
fected and established cell lines.

Chromatin attachment of E2 protein is abolished by dele-
tions in the transactivation domain. It has been shown previ-
ously that the N-terminal transactivation domain of the E2
protein itself can associate with mitotic chromosomes (6). In
the case of EBNA1 and LANAI, the chromatin attachment
activity has been mapped to specific linear subsequences of the
protein (36, 45). To test whether similar linear sequences with
chromatin attachment activity are also present in the E2 pro-
tein, we performed a deletion mapping of the E2 N-terminal
domain. A panel of E2 deletion constructs was transiently
expressed in CHO cells, and the attachment of the respective
proteins to metaphase chromosomes was studied by ChIF. As
shown in Fig. 2E, we can discriminate between E2-positive and
E2-negative chromosome spreads from different metaphase
cells without merging images or changing filters on the micro-
scope. Therefore, it is possible to count the number of total
metaphase cells as well as the number of E2-positive meta-
phase cells, which enables us to determine the percentage of
E2-positive metaphase cells as a quantitative evaluation of the
activity of different E2 proteins in our chromosome attachment
assay. The fraction of positive metaphase cells in the case of wt
E2 varied between 10 to 20% from the total population, de-
pending on the transfection efficiency in the respective exper-
imental series. To enable the comparative analysis of the data
from different experimental series, the fraction of E2-positive
metaphase cells in the parallel control transfections with wt E2
protein was used as a basis for normalization of the data from
transfections with mutant proteins. The results from at least



VoL. 78, 2004

CHOBgI40
(E1/E2/URR)

CHOBgI40

- colcemid

CHO+E2 CHO+E2C

CHO
+E20A+URR

CHO
+E13A+URR

CHE i
+R47A+URR

BPV1 E2 IN CHROMATIN ATTACHMENT AND PARTITIONING 2103

CHO4.15
(E1/E2)

CHO+E2+URR

CHO+E2+URR CHOFEZ

CHO
+E90A+URR

FIG. 2. In situ analysis of the attachment of E2 protein, or URR-containing reporter plasmid, to mitotic chromosomes, as revealed by ChIF
or FISH assays, respectively. The FITC signals corresponding to E2 protein or URR reporter appear as yellow dots on the red background of
propidium iodide-counterstained chromosomes. (A to H) ChIF analysis of E2 protein; (I to N) FISH analysis of URR reporter. (A) CHOBgl40
cells (express E1 and E2, stably maintain URR reporter plasmid); (B) CHOBgl40 cells without Colcemid treatment; (C) CHO4.15 cells (express
El and E2); (D) CHO49 cells (express E2); (E and I) CHO cells transfected with E2 expression vector pCGE2 and URR reporter pNeoBgl40;
(F and J) CHO cells transfected with pCGE2 alone; (G) CHO cells transfected with pCGE2C and pNeoBgl40; (H) mock-transfected control cells.
(K to N) FISH analysis of CHO cells transfected with mutant pCGE2 (E13A, E20A, R47A, and E90A, respectively) and URR reporter plasmid.

four independent experiments with E2 deletion mutants are
summarized in Fig. 3 (E2 chromatin attachment column). In
accordance with previously published results (6, 52), we could
not detect any E2-specific signal on the metaphase chromo-
somes from the cells expressing the E2C protein that lacks the
majority of the N-terminal domain (Fig. 3, lane E2C). The
same results were obtained even if much higher levels of the
protein were expressed in the cells after transfection of higher
amounts of the respective expression construct (data not
shown). The analysis of E2 proteins with shorter truncations
showed that even the removal of the first 23 amino acids from

the N-terminal domain (Fig. 3, lane A1-23) as well as longer
N-terminal deletions (Fig. 3, lanes A1-85, A1-112, A1-141, and
A1-183) and internal deletions (Fig. 3, lane ANco) leads to the
complete loss of chromosome attachment activity of the pro-
tein. The expression level of E2 protein and the amount of
URR plasmid in analyzed cells were found to be essentially on
similar levels in all experiments (Fig. 3). All E2 deletion mu-
tants also localized to cell nucleus (data not shown).

In the ChIF experiments described above, the E2 expression
constructs were cotransfected into the cells together with a
BPV1 URR reporter plasmid. That enabled us to perform the
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FIG. 3. Summary of data from ChIF and FISH analyses of E2 deletion mutants. Over 100 individual mitotic metaphases in the case of the FISH
assay and over 200 individual mitotic metaphases in the case of ChIF assay were examined in each separate experiment. The average data from
at least four independent series are summarized on the figure. Activity less than 5% from the wt is indicated by —, and more than 80% activity
from the wt is indicated by ++. As a control, the data from parallel Western and Southern blot analyses are shown, to indicate the presence of
E2 protein and URR reporter plasmid in transfected cells. Arrowheads indicate the approximate positions of signals corresponding to different
E2 expression plasmids (pCGE2) and the URR reporter plasmid (pNeoBgl40) on the Southern blot. At the top of the figure, the schematic
representation of the E2 N-terminal domain is indicated, with alpha-helical regions of the protein marked as open barrels and beta-sheets marked

as dark arrows.

parallel FISH analysis of the transfected cells to determine the
ability of E2 proteins to mediate the chromatin tethering of
extrachromosomal DNA constructs with BPV1 MME. The
corresponding results are summarized in Fig. 3 (URR chro-
matin attachment column). As expected, on the basis of results
from ChIF studies, none of the E2 deletion mutants was able
to mediate the tethering of URR reporter to the mitotic chro-
mosomes. All the deletion mutants used in our studies can bind
to the single E2BS (30) and are thus expected to bind to BPV1
URR thorough the E2 DBD. Therefore, the lack of chromatin
attachment reflects the defects in the interactions between the
E2 N-terminal domain and the host chromosomes. These data
indicate that the attachment of E2 protein to host chromo-
somes is required for URR-dependent tethering of the extra-
chromosomal DNA molecules to the cell chromosomes in the
absence of other viral proteins. Most importantly, the ChIF
and FISH analyses of E2 deletion mutants suggest that the E2
transactivation domain, in contrast to two known attachment
proteins from herpesviruses, EBNA1 and LANAI, is unlikely
to contain simple linear sequences or subdomains responsible
for the chromatin attachment activity.

E2 chromatin attachment activity can be modulated by sin-
gle-point mutations in the N-terminal transactivation domain
of the protein. Because the deletions in the E2 transactivation
domain had strong effects on chromatin attachment, we next
decided to test the E2 mutants with less drastic changes in the
transactivation domain in these assays. In the following exper-
iments, we used E2 proteins that carry single amino acid
changes of the conserved charged residues to alanine in N-
terminal domain. These mutant proteins were previously char-

acterized in transient replication, transactivation, and se-
quence-specific DNA-binding assays (1). Every mutant protein
has significant activity at least in one of these assays, and all are
localized to the cell nucleus (1). Therefore, it is unlikely that
any of these mutations could cause major inactivating struc-
tural changes in the E2 protein.

We transfected the mutant E2 expression constructs and
URR reporter plasmid into the CHO cells. The expression of
E2 protein and the amount of URR plasmid in transfected
cells were found to be on similar levels in all experiments (Fig.
4B). The attachment of E2 proteins to metaphase chromo-
somes was studied by ChIF, and the ability of E2 proteins to
tether the URR reporter plasmid to host mitotic chromosomes
was studied by FISH essentially as described above in the case
of truncated E2 constructs (examples of images of FISH anal-
ysis of some mutants are shown in Fig. 2K to N). The fraction
of E2- or URR reporter-positive mitosis in the respective as-
says was estimated relative to the positive fraction in the case
of wt E2-transfected cells in each separate series. The results
from at least four independent experiments for each mutant
are summarized in Fig. 4A.

According to ChIF analysis (Fig. 4A), five of the tested
mutant proteins, E39A, R68A, E74A, D122A, and double mu-
tant D143A/R172C (D/R), were defective in chromosome at-
tachment. Four mutants, E13A, E20A, R47A, and D143A,
were attached to the mitotic chromosomes as efficiently as wt
E2. The Q12A, R37A, and E90A proteins formed an interme-
diate activity group, with diminished, but still clearly displayed
activity in the ChIF assay. These data show that E2 chromatin
attachment can be affected to various extents by single-point
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FIG. 4. Summary of data from ChIF and FISH analyses of E2 point
mutants. (A) Comparison of the results from ChIF (chromosome at-
tachment of E2 proteins, on y axis) and FISH (tethering of URR
reporter to chromosomes, on x axis) analyses. All mutations are as
indicated on the figure; D/R corresponds to the double mutant D143A/
R172C. Over 100 individual mitotic metaphases in the case of the
FISH assay and over 200 individual mitotic metaphases in the case of
ChIF assay were examined in each separate experiment. The average
data from at least four independent series are summarized on the
figure. The relative activity in the case of each mutant protein was
estimated as a percentage of positive metaphases relative to percent-
age of positive metaphases in the wt E2-transfected cells, with the
latter set as 1.0 in each separate series. For a better overview, the error
bars are omitted from the graph. The numerical values as well as
average deviations () are shown at the bottom of the figure. (B) As
a control, the data from parallel Western and Southern blot analyses
are shown to indicate the presence of E2 protein and URR reporter
plasmid in transfected cells in the ChIF and FISH assays. Arrowheads
indicate approximate positions of signals corresponding to different E2
expression plasmids (pCGE2) and the URR reporter plasmid
(pNeoBgl40) on the Southern blot.

mutations in the transactivation domain. The expression level
of E2 varies on a cell-to-cell basis in the transiently transfected
cell population (more than 2 orders of magnitude) (Fig. 5 and
data not shown). If the mutations in E2 weaken its interaction
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with mitotic chromosomes but do not abolish it completely, the
binding could still occur in the cells expressing higher E2 levels.
Consequently, in the conditions where the average expression
level is the same for different mutant E2 proteins, the de-
creased interaction leads to a percentage of E2-positive meta-
phase cells that is lower than in the case of wt protein. The
results from parallel FISH analysis of cells from the same
transfection series demonstrate that the ability of mutant E2
proteins to tether the URR reporter to mitotic chromosomes
correlates well with the activity of respective mutants in chro-
matin attachment (Fig. 4A). Good correlation between activ-
ities of E2 mutants in FISH and ChIF assays provides an
additional indication that chromatin attachment of the E2 pro-
tein is required for the tethering of the URR to mitotic chro-
mosomes in the absence of other viral proteins. On the other
hand, even the adequate interaction of E2 protein with both
mitotic chromatin and its binding sites in the URR could be
insufficient for the tethering of URR to chromosomes under
certain conditions. This is suggested by the behavior of R37A
and D143A proteins, which seem to be more active in protein
attachment than URR tethering. At the same time, both pro-
teins, as well as all the other mutant proteins tested in the
series, have been shown to effectively bind to E2-specific bind-
ing sites on DNA. Therefore, the possibility of point mutations
leading to changes in the URR binding activity of the protein
could be excluded. It should be noted, however, that for un-
known reasons the results of the FISH assay in the case of the
D143A protein were more diverse in different series than in the
case of other mutant proteins (the average deviation was ~0.4
instead of the usual ~0.2).

There is no specific degradation of partitioning-deficient E2
proteins during mitosis. According to the Western blot anal-
ysis (Fig. 4B), the total expression levels of different E2 pro-
teins are on approximately similar levels. Therefore, the defi-
cient partitioning activity of some E2 mutant proteins was not
a result of the general destabilization and degradation of the
respective proteins. However, if the destabilization occurred
only during a short period of the cell cycle, such an effect could
have been left unnoticed on the background of the protein
from cells in the remaining cell cycle phases. The ChIF and
FISH analyses were performed on mitotic cells. Therefore, the
deficient partitioning activity of certain E2 mutant proteins
could have also been a result of the mitosis-specific degrada-
tion of the respective proteins. To examine this possibility, we
performed a simultaneous analysis of the E2 level and DNA
content of transfected cells by measuring these parameters on
a cell-by-cell basis by flow cytometry (see Materials and Meth-
ods for details). As shown in Fig. 5A, treatment with the
efficient mitotic blocker Colcemid for 12 h causes the vast
majority of cells to gather at the G,/M peak (compare panels
a and g to panels d and j). The homogenous auto-fluorescence
peak, which is not affected by Colcemid treatment, appears in
the case of mock-transfected cells (compare panel b to panel
e). The transfection of cells with E2 expression constructs leads
to the appearance of signals with higher fluorescence intensi-
ties. These signals, corresponding to E2-expressing cells, reveal
a very heterogeneous distribution of the E2 expression level in
both Colcemid-treated and control cells (panels h, i, k, and 1).
E2-expressing cells are efficiently present in the G,/M sub-
population, and the number of E2-expressing cells in this cell
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FIG. 5. Analysis of cell cycle dependence of E2 expression level in transfected CHO cells. The transfected cells were fixed, the E2 protein was
visualized by mixture of anti-E2 monoclonal antibodies and FITC-conjugated secondary antibody, and DNA content was visualized with 7-AAD,
as described in Materials and Methods. The intensities of FITC and 7-AAD signals were measured in cells by flow cytometry. (A) On the dot plots
in the right column, the relative DNA content (x axis) and the E2 level in respective cells (y axis) are analyzed for mock- or wt E2-transfected cells.
The cells from the same transfections were split to separately analyze Colcemid-treated and untreated populations, exactly as indicated on the left
of the respective rows. The histograms in the left column illustrate the distribution of cells according to their relative DNA content, and those in
the middle column illustrate the distribution of cells according to relative E2 expression level in the same analysis. Note that in the case of E2
expression analysis, only the signals above the autofluorescence threshold represent the E2-expressing cells (indicated at the top of the middle
column and to the right of the right column). (B) The percentage of E2-positive cells and the average E2 level in E2-positive cells were measured
in the case of CHO cells transfected with wt or partitioning-deficient mutant E2 expression constructs. The ratio of respective parameters in the
case of Colcemid-treated cells relative to untreated cells is shown. Values shown are the averages of the results from two separate experiments.
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cycle period rises significantly as a result Colcemid-induced
mitotic enrichment (compare Colcemid-treated cells on panel
1 to untreated cells on panel i). The results of quantitative
analysis of these data and the data from experiments with
several E2 mutant proteins inactive for partitioning (E39A,
R68A, and E74A) are shown in Fig. 5B. The percentage of wt
E2-positive cells in the Colcemid-treated population relative to
the untreated transfected population remains unaltered (the
ratio of respective percentages equals 1.0). If the mitosis-spe-
cific E2 degradation took place, the Colcemid-induced mitotic
enrichment should have led to a diminished number of cells
with detectable E2 levels, reflected by the lower percentage of
these cells in the total population. There is also no apparent
mitotic degradation in the case of partitioning-deficient mutant
proteins, as the percentage of E2-expressing cells was certainly
not lower but even seemed to rise (1.2 to 1.4 times higher) as
a result of mitotic enrichment. The average level of E2 in
E2-positive cells was also somewhat increased in the mitosis-
enriched population (1.5 to 1.6 times higher in Colcemid-
treated cells), this time equally for wt and mutant E2 proteins.
In conclusion, there is certainly no specific degradation of
partitioning-deficient mutant E2 proteins during mitosis.
Analysis of partitioning function of wt E2 protein. A good
correlation between chromatin attachment and efficient long-
term maintenance of extrachromosomal URR plasmids (26) or
BPV1 genomes (33) suggests that E2-dependent attachment of
the MME-containing plasmids or virus genomes is necessary
for their successful nuclear retention and partitioning in divid-
ing host cells. However, this correlation does not prove that the
E2- and MME-dependent chromatin attachment is sufficient
for partitioning of the episomal MME-containing plasmids.
To prove this, we characterized the E2 protein in a func-
tional partitioning assay developed in our laboratory (A. Mén-
nik, K. Janikson, and M. Ustav, unpublished data). For these
experiments, the suspension culture of the Jurkat cell line was
transfected with pRetE2 reporter plasmid that contains an
expression cassette for destabilized EGFP under the strong
constitutive CMV promoter, an expression cassette for E2 (or
its derivatives), and MME (oligomerized E2 binding sites)
(Fig. 1). The number of GFP-positive cells per milliliter of
medium and the total number of cells per milliliter were de-
termined by fluorescence-activated cell sorter analysis over the
course of several days (up to 1 week) after transfection. The
constructs used in the partitioning assay did not contain the
BPV1 origin of replication and the E1 protein was not ex-
pressed in the cells; thus, the transfected reporter plasmid was
unable to replicate. In this way, we could examine the nuclear
maintenance and partitioning of the transcriptionally active
plasmids on a cell-by-cell basis in proliferating cells. The use of
the destabilized version of EGFP (with a half-life of ~1 h)
ensures that the steady-state EGFP level in the cells responds
quickly to the changes in reporter plasmid copy number. The
number of GFP-positive cells in this assay depends on several
aspects. If both nuclear retention and partitioning of the re-
porter plasmid take place in dividing cells and if the copy
number of the reporter in host cells is sufficient, the increase in
the number of GFP-positive cells should occur over the course
of the first cell divisions. On the other hand, in the case of the
nuclear retention of plasmids that lack any partitioning mech-
anism, the number of GFP-positive cells should remain con-
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stant. The transfection results in a cell population that is het-
erogeneous in regards to the plasmid copy number and,
consequently, GFP expression level per cell. After every cell
division, the copy number of the nonreplicating reporter plas-
mid decreases even if active partitioning takes place. As a
result, the GFP signal in the cells with a lower copy number
will fall below the threshold level sufficient for the detection
under the assay conditions. As shown in Fig. 6A, where the
number of GFP-positive cells is plotted against cell doublings,
the number of positive cells in the case of reporter plasmid
expressing wt E2 increases over the course of at least four
doublings, which indicates that, in addition to nuclear reten-
tion, the active partitioning has taken place. On the other
hand, in the case of reporter expressing E2fr protein inactive in
specific DNA binding as a result of a frameshift in the hinge
region, or E74A mutant inactive in chromatin attachment, the
number of GFP-positive cells starts to decrease after the first
doubling. The reporter plasmids, which express the E2fr or
E74A mutant, behave in the partitioning assay very similarly to
those that do not express E2 or lack MME (data not shown).
This indicates that the nuclear retention and partitioning of the
MME reporters expressing attachment-defective E2 proteins is
essentially on the basal residual level. The apparent E2-MME-
dependent partitioning in our assay is not a primary effect of
the transactivating activity of the E2 protein, as the reporter
expressing a fusion protein VP16-E2, which is a potent trans-
activator, was lost from the cells at the rate comparable to E2fr
and the transactivation-defective mutant E74A. In the exper-
iments that are shown in Fig. 6A, the wt E2 and VP16-E2
reporters are transfected in duplicate to show the reproduc-
ibility of the assay. These data indicate that E2 has a specific
effect on MME-containing plasmid partitioning. This effect
also requires, in addition to the intact C-terminal DBD, the
N-terminal transactivation domain from the E2 protein, which
cannot be replaced by the heterologous transactivating do-
main.

Effective chromatin attachment is required for partitioning
function of E2 protein. To look for a possible connection
between E2-dependent chromatin attachment and partitioning
processes, we tested the panel of E2 point mutants with known
attachment and plasmid-tethering activities in the partitioning
assay described in the previous section. As shown in Fig. 6B,
where the relative number of GFP-positive cells is plotted
against cell doublings, the graphs corresponding to different
point-mutated E2 constructs are clustering into two groups,
those similar to the wt E2 and those similar to E2fr carrying a
frameshift in the hinge region. The only exception is the graph
that corresponds to D143A, which is located between these two
clusters. Similar clustering was apparent in at least four inde-
pendent experiments and was preserved even if the number of
GFP-positive cells rather than the normalized relative value
was plotted against time or cell doublings. All the mutant E2
proteins were expressed at comparable levels when examined
by Western blotting (data not shown). The wt-like cluster con-
sists of graphs corresponding to the data from experiments
with E2 proteins that carry point mutations E13A, E20A, or
R47A. The number of GFP-positive cells in the case of these
E2 mutations increases over the course of at least 4 doublings,
exactly as in the case of wt E2. All the members of this group
also behave like wt E2 in chromatin attachment assays. The
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FIG. 6. Plasmid partitioning assay. Jurkat cells were transfected with pRetE2 plasmids containing MME and expression cassettes for E2 (or its
derivatives) and destabilized EGFP protein. The total number of cells per milliliter and the number of EGFP-positive cells per milliliter were
determined by fluorescence-activated cell sorter analysis at different time points. From these data, the number of doublings and the number of
EGFP-positive cells per milliliter relative to the first time point of each separate transfection were calculated. Zero doublings corresponds actually
to first time point, ~20 h posttransfection. (A) Partitioning properties of plasmids expressing E2 or its derivatives. The number of EGFP-positive
cells per milliliter on the y axis is plotted against cell doublings on the x axis. Note that the constructs expressing wt E2 or VP16-E2 were transfected
in duplicate to show the reproducibility of the assay. (B) A similar partitioning assay was performed with plasmids expressing different
point-mutated E2 proteins; D/R corresponds to the double mutation D143A/R172C. The wt E2 construct was transfected in duplicate.

E2fr-like cluster includes graphs corresponding to experiments period. All the mutants in this cluster are also at least partially
with E2 mutants Q12A, R37A, E39A, R68A, E74A, E90A, defective in chromatin attachment assays. These data show
D122A, and D/R. In the case of these mutations, the number that effective chromatin attachment is required for E2-depen-

of GFP-positive cells already starts to decrease after the first dent partitioning function.
In Fig. 7, the data from the partitioning assay are compared

cell doubling and continues to do so over the examined time
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FIG. 7. The data from ChIF (E2 chromatin attachment), FISH
(URR chromatin attachment), and partitioning assays are compared
to the activity of respective mutant E2 proteins in transcription acti-
vation (with simple artificial reporter pSV3BSCAT) and transient rep-
lication assays according to the method of Abroi et al. (1). Activity less
than 30% from the wt is indicated by —, activity more than 80% from
the wt is indicated by ++, and activity between 30 and 80% from the
wt is indicated by +.

to the activity of the respective mutant proteins in chromatin
binding, tethering of the URR reporter plasmid to mitotic
chromatin, transcription activation, and initiation of transient
replication. The mutants have been divided into three groups
in each respective assay, according to their activity relative to
that of wt E2. The comparison shows that the group of mu-
tants, which had wt-like activity in both chromatin attachment
assays and in partitioning (E13A, E20A, and R47A), also dem-
onstrates a wt-like activity in transcription and replication as-
says. On the other hand, none of the remaining E2 mutants
behaves similarly in all five assays. From the eight point mu-
tants inactive in the partitioning assay, seven perform like the
wt protein in the transient replication assay and D/R retains at
least partial activity. R37A, E74A, D122A, and D143A/R172C
(D/R) from the same group are inactive both in partitioning
and transactivation, but Q12A, E39A, R68A, and E90A retain
at least some activity in transactivation assays. Therefore, the
activity of the E2 protein in the partitioning assay, if compared
to its activities in the chromatin attachment, transcription ac-
tivation, and replication initiation, is the most sensitive to point
mutations in the conserved charged positions of the N-terminal
domain.

Analysis of the location of structural determinants on the
homology-modeled E2 activation domain. Publication of the
crystal structure of the full-length HPV16 E2 N-terminal do-
main (3) enables us to use the homology modeling programs to
compose an atomic model for the full N-terminal domain from
BPV1 E2. Despite the low sequence similarity between BPV1
and HPV16 E2 C-terminal DBDs (~33% identity), the re-
solved structures of those domains are very similar, with a root
mean square of 0.9 A for backbone atoms according to FSSP
data for PDB entries 2BOP (BPV1 E2 DBD) and 1BY9
(HPV16 E2 DBD) (23). It is, for example, less than the dif-
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ferences between the different monomers in the structure of
the HPV18 E2 DBD (PDB code 1F9F, containing 4 E2 chains
per crystallographic asymmetric unit; root mean square for
most different chains, 1.1 A) according to the FSSP database.
Therefore, it is reasonable to assume that the transactivation
domains of BPV1 E2 and HPV16 E2, which have the same
sequence identity (33% in the modeled region) as the corre-
sponding DBDs, could also have very similar structures. The
designed model for the BPV1 E2 N terminus is certainly ac-
ceptable for studying the localization of mutated amino acids.

We constructed the model structure for the BPV1 E2 N-
terminal domain between amino acids 1 and 199, by using the
automatic homology modeling program Swiss-Model (20, 41).
As shown in Fig. 8A and B, the mutated amino acids localized
quite randomly over the surface of the N-terminal domain of
E2. However, a single continuous patch of mutated amino
acids can be observed (Fig. 8C). This consists of amino acids
Q12, E13, E39, and R68, which are located on three neighbor-
ing alpha-helices forming the subdomain N1 (according to
nomenclature by Antson et al.) (3).

Only two of the analyzed E2 point mutations, R37 and D143,
are located directly on the N-terminal dimerization interface.
These are the same mutations which led to differing activities
of E2 by FISH and ChIF analysis (Fig. 4A and 7). The con-
served amino acid R37 seems to be a very important player in
N-terminal dimerization, as it is localized on the central region
of the dimerization interface and forms 1 intrachain and 3
interchain hydrogen bonds on the proposed structure of BPV1
E2 and on the established structure of HPV16 E2 (3). One
intra- and one interchain bond are conserved between these
two structures.

DISCUSSION

The importance of the E2 protein and its binding sites on
viral DNA in the process of BPV1 stable extrachromosomal
maintenance in dividing cells was suggested initially by Piirsoo
et al. (44). This suggestion was later supported by the findings
that both the E2 protein and BPV1 genomes are attached to
the mitotic chromosomes in the host cells and that the muta-
tions in the E2 open reading frame may lead to defects in the
chromatin attachment of both the E2 protein and the BPV1
genome (6, 33, 52). The E2 protein in trans as well as a suffi-
cient number of E2 binding sites that form an MME in cis are
prerequisites for chromatin attachment and long-term extra-
chromosomal maintenance of the BPV1 (26, 44). In the
present study, we have performed analysis of the E2 protein as
a central trans factor required for MME-dependent chromatin
attachment and partitioning processes. We have used extensive
mutational analysis of the N-terminal chromatin-binding do-
main of the E2 protein and relatively traditional approaches
for analyzing the chromosome attachment of E2-MME as well
as a novel assay for testing the E2-dependent nuclear mainte-
nance and partitioning of nonreplicating MME reporters. Our
analysis shows that the chromatin-bound E2 protein seems to
localize into discrete centers on the mitotic chromosomes, ap-
pearing as speckles of bound E2. This pattern was altered
neither by simultaneous moderate E1 expression nor by the
presence of reporter plasmid carrying the URR portion of the
BPV1 genome containing intact MME. The speckled pattern
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FIG. 8. Localization of the mutated amino acids on the homology modeled structure of dimerized N-terminal domains of the BPV1 E2. The
model is viewed from the angle which is rotated 180° over the x axis in panels B and E and 90° in panels C and F relative to panels A and D. The
respective models are presented in a space-fill mode in panels A to C and in ribbon mode in the corresponding panels D to F in the bottom row.
The amino acids, the substitution of which does not affect the activity of E2 in partitioning assay, are shown in green; those inactivating the protein
are shown in red; and those leading to medium activity are shown in yellow. One monomer (chain A) is shown in darker gray than another (chain
B). Note that amino acids R37 and D143 on the putative dimerization surface are shown in space-fill mode on all panels and in darker red and
yellow, respectively, in chain A than in chain B (see also supplemental material at http://www.ebc.ee/~aabroi/art3).

of the E2 protein localization on chromosomes is very similar
to that in the case of E2-mediated tethering of URR reporters.
In addition, the number of E2-specific dots on metaphase
chromosomes seems to be roughly in the same range of that of
the URR-specific dots, both in the established CHOBgl40 cell
line and in CHO cells transiently cotransfected with E2 and the
URR reporter. Therefore, it is tempting to speculate that the
number of E2 localization centers on host chromosomes could
be one of the parameters which determines the potential virus
genome copy number during the latent maintenance stage in
infected cells. However, additional studies are clearly required
to support this speculation.

The N-terminal domain of the BPV1 E2 protein carries the
determinants both necessary and sufficient for the localization
of the protein to host chromosomes (6). This domain has also
been shown to incorporate major determinants required for
transactivation and replication initiator activities of the E2
protein. E2 is the only viral protein required for tethering of
the BPV1 URR to host mitotic chromosomes (2, 26). We
demonstrate here that in the same cell population, the E2
protein and the BPV1 URR are attached to chromosomes in
the absence of other BPV1 proteins and genomic sequences.
The analysis of the behavior of E2 proteins with N-terminal
deletions and point mutations confirms that chromatin attach-
ment of the E2 protein is necessary for the tethering of URR
(containing intact MME) to mitotic chromosomes. Perhaps the
most important conclusion based on our present study is that
successful nuclear maintenance and partitioning of nonrepli-
cating BPV1 MME reporters in proliferating cells is dependent
on efficient E2-mediated chromatin attachment. On the other
hand, the attachment of E2 protein to the mitotic chromo-

somes does not guarantee the mediation of equally efficient
tethering of URR to mitotic chromosomes. It is demonstrated
by the effect of mutations R37A and D143A, which cause the
E2 protein to be more active in its chromatin attachment than
in its mediation of the URR tethering, even though the re-
spective mutant proteins bind to a single E2 binding site on the
DNA with essentially the same efficiency as wt protein (1).
Moreover, the E2-mediated tethering of the URR reporter
does not necessarily lead to efficient partitioning, as the pro-
teins with Q12A and E90A mutations are at least partial active
in URR tethering but are essentially inactive in the partition-
ing assay. These data suggest that in addition to binding to the
chromatin components required for URR tethering, binding to
some additional target(s) of E2 is required for efficient BPV1
partitioning process. However, we cannot entirely exclude the
alternative explanation that even relatively modest defects in
chromatin attachment could perhaps have cumulative effects
on the long-term extrachromosomal DNA retention over the
course of multiple cell divisions. On the other hand, a still
relatively good correlation of the results from the partitioning
assay with the data from ChIF and FISH analysis shows that
the information about chromatin attachment activity obtained
from the latter two assays predicts well the behavior of E2
protein in the partitioning and long-term extrachromosomal
maintenance of DNA constructs carrying BPV1 MME.

The defects in any of the E2 activities that we observed as a
result of point mutations in the conserved surface amino acids
of the N-terminal domain can be explained in two ways. First,
the mutations that we introduced might have directly disrupted
the interactions of the E2 N-terminal domain with the target
proteins (or other molecular structures) essential for carrying
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out respective activity of E2. Second, the mutations might have
led to certain structural changes in the protein, thus indirectly
disrupting vital interactions with specific targets. In both cases,
as a consequence, the interaction pattern of E2 with its mo-
lecular targets is altered. Previous analysis has shown that
E2-dependent transient replication and chromosome tethering
of BPV1 use clearly separated mechanisms, as indicated by the
requirement for separate cis sequences from the URR (26, 44).
The data presented in the present study show that from the
mutants with wt-like activity in transient replication, four
(E39A, R68A, E74A, and D122A) are essentially inactive, and
four (Q12A, R37A, E90A, and D143A) have defects in the
tethering of URR to chromosomes and in the partitioning
assay. Therefore, BPV1 transient replication is separated from
the chromosome tethering and partitioning also on the level of
E2 as a trans factor. All three viral proteins that are known to
mediate the tethering of genomes of the respective viruses to
host cell chromosomes, E2, EBNA1, and LANAI, can also
function as transcriptional modulators (17, 24, 29, 34, 48).
Therefore, one might speculate about the possible overlap
between transcriptional modulation and chromatin attachment
(and consequently, partitioning) activities. However, differ-
ences in the sensitivity to point mutations exist not only in the
case of E2-dependent replication initiation and partitioning
but also in the case of transcription activation and partitioning,
even though in the latter case they are somewhat less pro-
nounced. This assumption is based on the effect of mutations
QI12A, E39A, R68A, and E90A, which render E2 inactive in
partitioning but retain at least partial activity in its transcrip-
tion activation. These data suggest that at least some of the
targets and interactions of the E2 N-terminal domain that
participate in chromatin attachment and partitioning are not
involved in transcription activation or replication initiation.
The structure of the N-terminal domain of the HPV16 E2
protein (3) and part of that of the HPV18 E2 protein have
been resolved (22). As expected, the homology of different E2
proteins on the amino acid sequence level is reflected well in
the striking similarity of these proteins on the structural level.
As no structural information is available yet for EBNAI or
LANAI1 chromatin attachment domains, the E2 activation do-
main is the only chromatin attachment domain with available
structural information. Four amino acids that were analyzed in
our studies, Q12, E13, E39, and R68, form a continuous patch
on the surface of the homology-based structure model of the
BPV1 E2 protein. This patch is situated on the opposite sides
of the homodimer of the BPV1 E2 N-terminal domains, mod-
eled on the basis of a similar dimer that has been previously
demonstrated to exist in the case of HPV16 E2 (3). The point
mutations of three amino acids from this group, Q12A, E39A,
and R68A, inactivate the partitioning function but retain full
activity in replication initiation and significant activity in trans-
activation. As only one of the other mutations analyzed, E90A,
has a similar specific inactivating effect on partitioning func-
tion, three of the four mutants from our panel specifically
inactive in partitioning are located in the same continuous
surface region of the protein (see supplemental material at
http://www.ebc.ee/~aabroi/art3). Thus, we can speculate that
this surface may represent one of the targets, the interaction of
which with cellular factors is responsible for E2 mediated par-
titioning. This surface region of the protein is also the most-
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conserved surface in the family of E2 transactivation domains
according to the ConSurf server analysis (18) (see supplemen-
tal material at http://www.ebc.ee/~aabroi/art3). However, we
cannot entirely exclude the possibility that respective residues
may allosterically control some other E2 N-terminal surfaces
directly involved in chromatin attachment. Homology model-
ing of the N-terminal homodimer of BPV1 E2 reveals also that
the amino acids R37 and D143, located on the proposed N-
terminal dimerization interface, are responsible for multiple
predicted hydrogen bonds that stabilize the dimeric structure.
As discussed above, the mutation of these amino acids causes
the BPV1 E2 protein to be more active in its own chromatin
attachment than in mediation of the URR tethering. This
might suggest that the dimerization of N-terminal domains,
even though it is not required for the efficient attachment of
BPV1 E2 protein to mitotic chromosomes, could somehow
affect the efficiency of URR tethering to mitotic chromosomes.
The cooperative binding of E2 protein to two neighboring
binding sites on DNA has been defined as a function of the E2
transactivation domain (38, 39). Therefore, the fact that the
R37A mutation leads to defects in the cooperative DNA bind-
ing of BPV1 E2 and that the complex of the respective protein
with DNA displays diminished mobility in gel shift assays (A.
Abroi and M. Ustav, unpublished data) also supports the pos-
sibility of N-terminal dimerization in the case of BPV1 E2.

Deletion analysis of EBNA1 and LANA proteins has shown
that chromatin attachment is achievable by short, probably
relatively loosely structured protein fragments (25, 27, 45). In
this aspect, BPV1 E2 is likely to differ from these two proteins.
It has been shown earlier that internal deletions between
amino acids 41 to 120 and 51 to 120 abolish the attachment of
E2 protein to chromosomes. However, these data do not ex-
clude the possibility that the region responsible for chromatin
binding may lie between amino acids 50 and 120. In this study,
we show that the deletion of as few as the first 23 amino acids
of the E2 protein and longer truncations and an internal de-
letion that retains the first 91 amino acids from the N-terminal
domain (dNco) all completely abolish the chromosome attach-
ment activity. These data strongly suggest that E2 has no linear
subsequence responsible for chromatin attachment. The trun-
cations that we have introduced in the N-terminal domain led
to the exposure of an epitope which is poorly accessible in the
wt E2 protein (30). Therefore, these truncations are likely to
considerably affect the structural integrity of the E2 transacti-
vation domain. In addition, the amino acids, point mutations of
which lead to inactivation of E2 chromatin attachment and
partitioning functions, are located all over the N-terminal se-
quence. In conclusion, the overall structural integrity of the
N-terminal domain rather than the intactness of some short
linear sequences is most likely required for the chromatin
attachment and partitioning functions of the E2 protein.
Therefore, component(s) of the host chromatin, which are
targeted by respective activities of the E2, can be expected to
be different from those used by EBNAI and LANAI.

The partitioning activity of E2, if compared to other activi-
ties tested, is the most sensitive to the point mutations in the
N-terminal domain of the protein. In the initiation of replica-
tion, which is relatively insensitive to point mutations (10, 37),
the primary function of E2 is to load E1 helicase to the origin
of replication (54). On the other hand, the process of tran-
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scription activation by papillomavirus E2 is much more com-
plex, involving interactions with numerous components of the
transcription initiation complex (7, 47, 53, 62, 63) as well as
with coactivators (31, 32, 40, 42). It could explain why the
transactivation function of BPV1 E2 is more sensitive to dif-
ferent point mutations than the replication function is. The
observations that the partitioning function is even more af-
fected by point mutations than the transactivation function and
that in the case of both activities the inactivating mutations are
located diffusely over the surface of the E2 N-terminal domain
suggest that the BPV1 E2-dependent partitioning represents a
very complex process involving multiple molecular targets on
the host chromatin. Alternatively, we can perhaps expect the
complex interaction with the single chromatin receptor to in-
volve composite rather than linear surface elements of E2
N-terminal domain, with several interactions acting additively.

Several previously published studies have provided us with
extensive information about the influence of N-terminal point
mutations on the activities of the BPV1 E2 protein. In light of
our present study, the data by Brokaw et al. describing the
behavior of E2-mutated BPV1 genomes in focus formation
assay are especially interesting (10). In that study, all but 2
(E20D and Y159F) of 18 BPV1 genomes that carry mutations
in E2 N-terminal domain show wt level of focus formation.
Eight mutations that did not affect E2 transactivation, replica-
tion initiation, and cooperative origin binding with E1 led to
defective transformation. These eight mutants include the mu-
tations at positions 12, 37, and 122. In our present study, the
mutations Q12A, R37A, and D122A in the same positions
were inactive in the partitioning assay, which could explain the
described transformation defects by the deficient partitioning
and consequently deficient stable episomal maintenance of
BPV1 genomes. In addition, the mutation E20A is active in our
partitioning assay, and the mutation of the respective residue
E20D in the context of the full-length genome does not cause
any transformation defects.

One of the most important unanswered questions about
BPV1 chromatin attachment and stable extrachromosomal
maintenance is, of course, what the actual molecular targets
are from the host chromatin side. Different mutant E2 pro-
teins, whose behavior in chromatin attachment and partition-
ing compared to other activities of the protein have been
extensively analyzed in this paper, should provide a useful tool
for future studies that try to address this question.
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